Introduction

The MAC in the context of plant immunity
Due in large part to their sessile nature, plants have developed a multi-layered defense response system against pathogen attack. Highly conserved features of pathogens known as pathogen-associated molecular patterns (PAMPs) are detected via pattern recognition receptors located on plant cell surfaces [1] . Upon pathogen detection, a signaling cascade is initiated that leads to the activation of a variety of defense responses. This PAMPtriggered immunity (PTI) layer of resistance is typically weak and non-specific. During infection, successful pathogens release effector molecules into plant host cells which can inhibit PTI. In turn, plants have evolved a variety of Resistance (R) genes encoding proteins which can detect these effectors and initiate signalling pathways resulting in a rapid induction of defence responses. R protein mediated resistance is quick and specific as certain R proteins recognize effectors of specific pathogens. Most plant R proteins possess a central nucleotide binding site (NB) as well as C-terminal leucine-rich repeat (LRR) domains, with either a Toll/Interleukin-1-receptor-like (TIR) or a coiled coil (CC) domain at the N terminus [2] . SUPPRESSOR OF NPR1-1, CONSTITUTIVE 1 (SNC1) is a well-studied R protein [3] . A point mutation in snc1 causes constitutive defense response induction [3, 4] . Recent evidence suggests that SNC1 may specifically recognize the bacterial effector AvrRPS4 [5] . As a TIR-NB-LRR-encoding R gene, it is not surprising that snc1 signals through ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and PHYTOALEXIN DEFICIENT 4 (PAD4) before diverging into salicylic acid (SA)-dependent and -independent pathways (Figure 1 ) [3, 4] . Many of the signalling intermediates in these pathways remain uncharacterized.
This review will summarize on-going work which suggests that a signalling component that functions in plant immunity downstream of SNC1 is part of a highly conserved complex, referred to as the MOS4-ASSOCIATED COMPLEX (MAC) in Arabidopsis, the NINETEEN COMPLEX (NTC) in yeast, and the CELL DIVISION CYCLE 5-LIKE-SENESCENCE EVASION FACTOR (CDC5L-SNEV Prp19-Pso4 , henceforth referred to as CDC5L) complex in human. The discovery of this complex in Arabidopsis, yeast, and humans will be detailed, the individual components will be described, and putative functions of this complex will be discussed, with a focus on its role in higher plants.
Complex discovery
NTC discovery in yeast
The discovery of the conserved spliceosome-associated complex in yeast began with the identification of a family of splicing factors known as PRECURSOR RNA PROCESSING (PRP) proteins. These proteins perform diverse functions in the regulation of gene splicing (reviewed in [6] ). In S. cerevisiae, Prp19p was shown to associate with the spliceosome during the splicing reaction and to be involved in the pre-mRNA splicing reaction in vitro [7, 8] .
When attempting to purify Prp19p, it was found to associate with a complex containing at least seven other proteins [9] . Subsequent complex purification using the Prp19p-interacting protein CEREVISIAE HOMOLOG OF CDC5 1 (Cef1p) detected a complex containing at least 26 proteins, a number of which are known pre-mRNA splicing factors [10] . However, analysis of the spliceosome and its associated complexes via mass spectrometry suggests that the core of the NTC is made up of eight proteins, including Prp19p, Cef1p, Ntc20p, SYNTHETIC LETHAL WITH CDC40 1 (Syf1p), Syf2p, INTERACTOR OF SYF1P (Isy1p), CROOKED NECK-LIKE FACTOR 1 (Clf1p), and SYNTHETIC LETHAL TO PRP19 (Snt309p) (see Table 1 for Arabidopsis homologs), while the remaining proteins may only be transiently associated with the core complex [11] .
CDC5L complex discovery in humans
The discovery of the CDC5L complex in humans began with the identification of CDC5L as a spliceosomeassociated protein. The components of the human spliceosome were detected and identified in a pioneer study utilizing mass spectrometry and ESTdatabase searching [12] . This large-scale analysis identified CDC5L, a homolog of S. pombe Cdc5p, as a spliceosome-associated protein [12] . This protein is highly conserved in eukaryotes, and Cdc5p as well as its S. cerevisiae homolog Cef1p were identified as components of the yeast NTC [13] [14] [15] .
During protein purification it was found that CDC5L associates with a multi-protein complex containing approximately 25 proteins, including a number of known splicing factors that are highly conserved in eukaryotes [16] . This CDC5L complex associates with the spliceosome in an ATP-dependent manner and is required for the second catalytic step of pre-mRNA splicing [16] . The core of the CDC5L complex consists of CDC5L, hPrp19, PLEIOTROPIC REGULATORY LOCUS 1 (PRL1/PLRG1), SPLICEOSOME ASSOCIATED PROTEIN 27/BREAST CARCINOMA-AMPLIFIED SEQUENCE 2 (SPF27/BCAS2), and HEAT SHOCK PROTEIN 73 (HSP73) [16] [17] [18] . AD-002 and β-CATENIN-LIKE 1 [17] as well as CCAP6 [16] may also be core complex components. Other proteins, such as RNA-BINDING MOTIF PROTEIN 22 (RBM22) and XPA-BINDING PROTEIN 2 (XAB2), weakly associate with the core components [19] .
MAC discovery in Arabidopsis
The study of the function of the MAC in plant immunity started with the isolation of the mos4-1 mutant. In order to identify signalling intermediates in the snc1-mediated resistance pathway, a genetic screen for suppressors of snc1 was undertaken [20] . The snc1 mutant plants exhibit obvious morphological defects, including dwarfed size and dark green, curly leaves, as well as enhanced resistance to a variety of pathogens [3] . The suppressor screen identified a number of MODIFIER OF SNC1 (MOS) genes, including MOS4, which when mutated suppress snc1 autoimmune phenotypes [20] . BLAST analysis of MOS4 identified its human and S. pombe homologs as SPF27/ BCAS2 and COMPLEXED WITH CDC5P 7 (Cwf7p), respectively [20, 21] . The proteins encoded by these genes are known components of the CDC5L complex in human and the NTC in yeast [10, 16] , described previously. For each model organism, this conserved spliceosomeassociated complex has been assigned a name based on the first identified protein component.
Immuno-affinity purification of the MAC was carried out using HA-tagged MOS4 expressed in mos4-1 mutants, and interacting components were identified via mass spectrometry [21] . MOS4 has been shown to associate with 24 proteins, with nineteen sharing homology to yeast and human proteins that are either components of or associated with the conserved spliceosome-associated complex [21] . The core of the MAC is composed of the Myb-transcription factor AtCDC5, the WD-40 protein PRL2, MOS4, and the U-box E3 ubiquitin ligase proteins MAC3A/MAC3B, while a variety of other proteins including the RNAbinding proteins MAC5A/MAC5B associate with this core (Table 1 ) [21, 22] . The orthologous protein components of the NTC, CDC5L complex, and MAC indicate that this complex is highly conserved amongst eukaryotes, and in all three systems the complex seems to have a close association with the spliceosome.
Complex components
MOS4
As described above, the first detected component of the MAC in Arabidopsis (MOS4) was identified in a genetic screen for suppressors of the snc1 mutant [20] . In snc1-mediated defense responses, [20] . It also appears to be necessary for resistance mediated by a variety of TIR-NB-LRR and CC-NB-LRR R proteins as well as for basal resistance (Figure 1 ) [20] . In Arabidopsis, MOS4 localizes to the nucleus and has been shown to directly interact with the MAC proteins AtCDC5 and PRL1, suggesting that this protein may serve a scaffolding function [20] . It is a small protein of 253 amino acids with a predicted CC (amphipathic α-helix) domain. MOS4 shares homology to the human protein SPF27/ BCAS2, which had been identified as a core component of the human CDC5L complex prior to the discovery of the MAC in Arabidopsis [16] . SPF27 has been shown to directly interact in vitro with three other core proteins of the CDC5L complex (CDC5L, PRL1, and hPrp19) [18] , although the specific functional role of SPF27 remains unclear. Additionally, MOS4 shares homology to the S. pombe protein Cwf7p, which is essential for gene splicing and has been shown to associate with Cdc5p and Cwf8p, the S. pombe Prp19p homolog [23] . The direct interaction between MOS4 and AtCDC5 appears to be evolutionarily conserved amongst eukaryotes. The conserved interactions between human SPF27 and hPrp19 and S. pombe Cwf7p and Cwf8p lead us to speculate that such an interaction might also exist in the MAC in Arabidopsis, although there is still no direct experimental evidence to support this hypothesis. No obvious MOS4 homolog in S. cerevisiae has been identified, although the S. cerevisiae protein Snt309p appears to be a functional homolog of the S. pombe protein Cwf7p [23] .
AtCDC5
The AtCDC5 gene was first isolated in a screen for genes related to the Arabidopsis transcriptional regulator encoded by ABSCISIC ACID-INSENSITIVE 3 (ABI3) [24] . AtCDC5 was predicted to be a Myb-like transcriptional factor and in vitro binding experiments showed that AtCDC5 specifically binds CTCAGCG, suggesting that it is a transcriptional regulator [24] . Like MOS4, AtCDC5 appears to be necessary for resistance mediated by a variety of CC-and TIR-NB-LRR R proteins, including SNC1, as well as for basal resistance [20] . AtCDC5 was found to associate in planta with MOS4 and PRL1 [20] , MAC3 [21] , and MAC5 [22] .
The human homolog of AtCDC5, CDC5L, associates with adeno-pre-mRNA in an ATP-dependent manner, and depletion of CDC5L inhibits pre-mRNA splicing [16] . CDC5L interacts with SPF27, PRL1, and hPrp19, the other core proteins of the CDC5L complex [18] . AtCDC5 also shares homology with the S. pombe protein Cdc5p and is able to complement the temperature sensitive cdc5 mutant [24] . The S. pombe cdc5 + gene was first isolated from a temperature sensitive mutant that arrested in the G2 phase of the cell cycle, and was the first of the CDC5-related genes to be identified and characterized [13, 25] . The S. cerevisiae AtCDC5 homolog, Cef1p, interacts with Prp19p and Prp46p, the homolog of Arabidopsis PRL1 [23, 26] .
Studies of CDC5-related proteins in a variety of eukaryotes have not yet revealed its precise biological or biochemical function. Future research using AtCDC5 mutants may prove useful in revealing the biological role of this protein.
PRL1
In Arabidopsis, PRL1 was first implicated in glucose and hormone responses [27] . Among other pleiotropic effects, PRL1 putatively functions in pathogen defense signalling pathways as it affects transcription of CHALCONE SYNTHASE (CHS) and PHENYLALANINE AMMONIA-LYASE (PAL), known to be involved in UV light and fungal-elicitor responses [27] . PRL1 has seven WD repeat domains, and localizes to the nucleus [27] . Proteins with WD repeat domains regulate a variety of cell processes, and these domains have a predicted role in protein-protein interactions [28] . PRL1 directly interacts with MOS4 and AtCDC5, perhaps through its WD repeat domains [20] . Like MOS4 and AtCDC5, PRL1 is required for resistance mediated by a variety of CC-NBLRRs and TIR-NB-LRRs, as well as for basal resistance [20] . PRL1 may have a scaffolding function within the MAC, although there is evidence that PRL1 serves as a substrate receptor for a CULLIN 4-REGULATOR OF CULLINS 1-DAMAGED DNA BINDING 1-PRL1 (CUL4- 
CC-NB-LRR TIR-NB-LRR(snc1)
ROC1-DDB1-PRL1) E3 ubiquitin ligase [29] , suggesting that it may play a role in protein ubiquitination leading to subsequent substrate degradation. PRL1 shares homology to PRL1 in humans, which also contains seven WD repeat domains and directly interacts with CDC5L in vitro [30] . In addition, PRL1 shares homology to S. pombe Prp5p/Cwf1p, and the S. cerevisiae homolog Prp46p/Cwc1p interacts with the NTC core components Cef1p, Syf1p, Clf1p, and Ntc20 [23] .
MAC3A and MAC3B
The Arabidopsis MAC3A and MAC3B proteins, which are 82% identical at the amino acid level, were first isolated and identified during the purification of the MAC (Table 1 ) [21] . These proteins function redundantly in basal resistance and the mac3a mac3b double mutant suppresses the autoimmune phenotypes associated with snc1, suggesting that they are required for snc1-mediated resistance [21] . Both proteins localize to the nucleus, and MAC3A has been shown to associate with AtCDC5 in planta [21] . MAC3A and MAC3B both have an N-terminal U-box domain as well as C-terminal WD repeats [21] . U-box domains are signatures of one class of E3 ubiquitin ligase proteins, which play a key role in targeting specific proteins for ubiquitination that usually leads to degradation by the proteasome [31] . Indeed MAC3B, also known as AtPUB60, displays E3 ubiquitin ligase activity in vitro [32] , suggesting a role for MAC3A and MAC3B in regulating protein stability. In an immunity context, it has been proposed that MAC3A and MAC3B may target defense repressors for degradation upon pathogen detection [21] .
The human homolog of MAC3A/MAC3B is hPrp19, a core protein of the CDC5L complex that directly interacts with the other core proteins SPF27, CDC5L, and PRL1 [18] . Additionally, hPrp19 appears to form a tetramer within the CDC5L complex [18] . MAC3A/ MAC3B also share homology to S. pombe Cwf8p, a core protein of the yeast NTC [10] . The S. cerevisiae homolog Prp19p associates with the spliceosome during the splicing reaction and is required for pre-mRNA splicing [7, 8] . Prp19p interacts with Cef1p, Snt309p, and COMPLEXED WITH CEF1P 2 (Cwc2p), an RNA-binding protein homologous to Arabidopsis MAC5A/MAC5B [23] . Like hPrp19, Prp19p exists as a tetramer [26] and two Cwc2p proteins appear to associate with this tetramer [33] . The Arabidopsis MAC may be similarly structured, although to date there is no experimental evidence of MAC3A or MAC3B forming homo-or heterodimers (Figure 2 ) [21] .
MAC5A, MAC5B, and MAC5C
MAC5A co-purifies with MOS4 from Arabidopsis nuclear extracts [22] . MAC5A and MAC5B are unequally redundant, share 82% identity at the amino acid level, and contain both a CCCH-type zinc-finger domain and an RNA-binding RNA recognition motif (RRM) [22] . MAC5C is less closely related and contains only a CCCH zinc finger motif [22] . A number of Arabidopsis proteins with CCCH zinc-finger motifs are capable of enzymes to target proteins to label them for degradation or further interactions. MAC3 may exist as a tetramer as described in [18] . MAC5 serves as an RNA-binding protein and, possibly with the help of AtCDC5, facilitates the formation of the spliceosome and the following splicing events. AtCDC5 is probably also involved in transcriptional regulation, but the target DNA sequence has not yet been identified. PRL1 and MOS4 most likely function as scaffold proteins within the complex. 
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RNA-binding, and some exhibit nuclease activity in vitro [34, 35] . This suggests a possible role for the MAC5 proteins in RNA-binding, processing, and possibly degradation. MAC5A and MAC5B likely function in the snc1-mediated resistance pathway, since the mac5a mutation is able to partially suppress snc1-mediated autoimmunity [22] . Single mutations in the core MAC proteins characterized to date are all viable, with different subtle developmental phenotypes [20, 21, 27] . However, the mac5a mac5b double mutant is lethal, as are all combined MAC mutants that have been studied to date [20] [21] [22] . This suggests that while individual MAC components are not essential, the MAC is required for a vital biological function. The NTC and the CDC5L complex both have demonstrated roles in splicing and spliceosome assembly, suggesting the MAC may have a similar function [7, 8, 10, 16] . The lethal phenotype of the mac5a mac5b double mutant may be indicative of a critical role for MAC5 proteins in splicing or in associating the MAC with the spliceosome [22] .
MAC5A, MAC5B, and MAC5C share high homology to the human protein RBM22, a CDC5L-associated protein [19] . The MAC5 proteins also share homology to both EXTRACELLULAR MUTANT 2 (Ecm2p) and Cwc2p, NTC-associated proteins found in both S. pombe and S. cerevisiae [10] . In S. cerevisiae, Cwc2p is involved in pre-mRNA splicing [23] . Furthermore, Cwc2p has been shown to associate with the U6 small nuclear RNA (snRNA) spliceosome component, and thus has been proposed to act as a link between the NTC and the spliceosome [36] .
Other proteins
Attempts to purify the NTC, CDC5L, and MAC complexes have all resulted in the detection of ~25 associated proteins [10, 16, 21] . The core NTC and CDC5L complexes transiently interact with small nuclear ribonucleoproteins (snRNPs) which are integral for spliceosome assembly and aid in the removal of introns from pre-mRNA [10, 16, 37] . Several snRNP subunits have also been shown to associate with the MAC, further supporting the putative role of this complex in mRNA regulation and processing [21] .
The importance of certain proteins within the conserved spliceosome-associated complex may differ between organisms. For example, while Syf1p is a core protein in the NTC and is essential for mRNA splicing, its homologs in humans and plants appear to only transiently associate with the CDC5L complex and the MAC, respectively [10, 19, 21] .
Although many of the NTC-, CDC5L complex-, and MAC-associated proteins remain largely uncharacterized and poorly understood, it is interesting to note that the majority of these proteins are highly conserved between yeast, humans, and plants (see Table 1 ), suggesting that the complex function is essential and thus has been maintained through eukaryotic evolution.
Possible functions of the MAC
Splicing and spliceosome assembly
In S. cerevisiae, Prp19p was shown to associate with the spliceosome during the splicing reaction and to be essential for the pre-mRNA splicing reaction in vitro [7, 8] . In fact, of the eight core NTC proteins, four (Prp19p, Syf1p, Clf1p, and Cef1p) are essential for splicing, and another three (Isy1p, Syf2p, and Snt309p) are known splicing factors [10] . Additionally, the NTC associates with a number of snRNPs, which are required for spliceosome assembly and function [10] .
Similarly, the CDC5L complex associates with the spliceosome in an ATP-dependent manner and is required for the second catalytic step of pre-mRNA splicing [16] . As with the NTC, snRNPs are known to transiently associate with the CDC5L complex [16, 19] .
Based on homology to these two complexes and the fact that any combination of mac mutations lead to lethality [20] [21] [22] , the MAC may also associate with the spliceosome and function in spliceosome assembly, which is an essential biological process. However, mac single mutants are all viable and display pleiotropic defects, such as alteration of flowering and enhanced disease susceptibility [20] [21] [22] 27] . These phenotypic variations suggest the MAC proteins play intricate regulatory roles. MAC-mediated regulation of these different biological processes may conceivably involve the spliceosome.
The specific role played by the MAC in splicing is still unclear. Future experiments utilizing RNA-seq on available mac mutants may identify altered splicing patterns in these mutants and reveal what role the MAC plays in splicing and regulation of multiple biological processes.
The MAC in plant immunity
The MAC has a putative role in plant immunity. The first identified component of the complex, MOS4, was isolated in a genetic screen looking for suppressors of snc1 [20] . MOS4 is a required intermediate in the SA-independent, NPR1-independent pathway in snc1-mediated resistance, but also appears to be necessary for resistance mediated by a variety of CC-and TIR-NB-LRR R proteins as well as for basal resistance (Figure 1) [20] . Based on homology to the NTC and the CDC5L complex, both of which are known to associate with the spliceosome and are required for pre-mRNA splicing, the MAC may function in plant immunity by regulating target defense genes during mRNA processing. AtCDC5 has sequence specific DNA-binding activity [24] , and may transcriptionally regulate defense genes. MAC3B demonstrates E3 ubiquitin ligase activity in vitro [32] , thus has been proposed to target defense repressors for degradation by the proteasome [21] . Recent work using HeLa cells suggests that ubiquitination of substrates by the CDC5L complex may facilitate interactions between spliceosome components or rearrangements of the spliceosome [37] .
In order to better understand the role of the MAC in plant immunity, proteins regulating and regulated by the MAC must be identified and characterized. Suppressor screens in various mac mutant backgrounds may aid in this process.
Additional functions
The CDC5L complex has been implicated in a number of other biological processes, including DNA damage response, cellular senescence, adipocyte differentiation, and transcription-coupled nucleotide excision repair [38] [39] [40] [41] [42] [43] [44] . Like the CDC5L complex, the MAC may also regulate a variety of processes in plants.
Conclusions
The MAC is a highly conserved spliceosome-associated complex found in plants, animals, and yeast. It plays a regulatory role in plant immunity, flowering time control, and different hormone responses, possibly through its interactions with the spliceosome and regulation of RNA processing and degradation. However, the mechanisms regulating the MAC as well as its specific biological function in plant defense remain unclear. In order to better understand the role of the MAC in Arabidopsis, positive and negative regulators as well as target proteins of this complex must be identified and characterized. Additionally, the architecture of the complex is still uncertain although a likely structure, presented in this review (Figure 2) , can be deduced by drawing comparisons to the NTC in yeast and the CDC5L complex in humans. Future work should focus on identifying components regulating or being regulated by the MAC and clarifying protein-protein interactions within the complex.
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